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NATIORXG AIEEORY CCE4MEEE ~RARROJMJTICS 

By LorenW. Acker and Kenneth S. Kleintiecht 

Flight and grou1~3 investigatI0119 have been m&de to compare 
an exhaust-ejector imtailstion k-ith e standard exhaust-colle&or- 
ring inatallatlo~ 0-c afr -cooled ailxlurft en&nee in a twin-engine 
airglane. The ground investigatfon a!xwod tkLat, whereae the 
etandard engine would have overheated above 600 horsepower, the 
en&m with exhaust e;sctors cooled at take-off operating condi- 
tions at zero rem. Tae exhaust ejectors provided a5 much cooling 
with cowl flap8 cloeed aa the convsntional cowl ftip8 induced when 
full 0-n at low airspeeds. TM propulsive thrust of the e,xhaust- 
ejector in8tallatiOn w&8 calculated to be 8l:@ltly les5 than the 
thrust of the collector-ring inetallation. . 

INTROIXJCTION 

A8 part of a program requested by the Bureau of Aeronautios, 
Navy Department, flight and ground inveetigatione have been made 
on an exhaust-ejector installation in a twin-engine a&plane. The 
ezhaust ejectors w3z-e designed to increase the cooling-air flow 
through the engine and were installed fn the left nacelle. The 
ri&tt en&m wE%8 left in it5 Standard oonfigt;L-atiOn with an eXhau8-t 
collector zing. The cooling-air p~emre drop acro55 the engine 
and the cylinder temperaixwe8 were m4a8UlVd in each installation 
to determine the improvesent in engfne coolfng obtafned with the 
exhaust ejectore. Brake horeepwer and exhaust back preseure were 
measured for each inetallatfon to compare the over-all performance. 

e 
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A JM-1 aiqlane (serial flo. 41-35541) (fig. 1) equiqped with two 
R-2800-43 engines was used in the invoatigation. The R-2809-43 engine 
has a normal power rating of 1600 horsepower at a speed of 2400 ?QYI 
and a manifold preesuro of 41 lnchss of mercury absolute; it has a 
military take-off rating of 2GO0 horsspow>r at 2790 rpm and 52 Inches 
of mercury absolute. The left nacelle wzs modified by replacing the 
conventional exhaust-collector-r- installation with an exhaust- 
ejector installation (figs. 2 and 3). No modificatioze were made on 
the right nacelle (figs. 4 and 5). 

The e.xhaust-ejector installation consisted of four two-etag9 

ejectors on each side of the nacelle. Design data for exhaust nozzles 
and ejectors were obtatied from referenTo 1 to 4. The ejectors were 
designed with two stages in order that removal, of the first stage would 
provide access to the engine accessories. Eii:ase limitations prevented 
the use of more than four ejectors on ea?h side of the nacelle. Indi- 
vidual cylinder exhausts were therefore groiuped in triple and twin 
stacks as follows: 

cyliniklr 3xkmlets - ..-- - 
Outboard Inboard 
1, 17, 18 2, 3, 4 

15, 16 5, 6 
13, 14 7, 8 
11, 12 9, 10 

This grou~Lng -XEW selected because of space limitations and simplicity 
of construct:on at the expense of minimum valve overlag. Noezlos with 
an outlet d%ameter of 2 inches were welded to the end of each group of 
stacks. 

The first-stage ejectors, shown mounted on the accessory skin panel 
in figure 6, are 14: square inches in cross-sectional area end 167, inches 
long (fig. 7). Flush with the outlets of the first stages are the8 
second-stage ducts, which are 35 square inches in cross-sectional area 
and 20 inches long. Diffusers 9 inches long with an expansion rat20 of 
1.2 are welded to the ends of the second stages. Pivoted at the diffuser 
exits a~ controllable exit flaps 15. inshes long that open approximately 
2o". These flaps pmvide.an outlet area of 210 square inches when 
closed and 350 square Fnches when fully open. 
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IN-TION 

Engine cylinder-baffle total pressure8 at the forward liy of 
the front-row c;iinder baffles, engine cylinder-baffle static pres- 
sure 8 in the re.er curl of the rear-row cylinder baffles, and total 
and wall static FresBures in the ejector ducts about 4 inches in 
front of the diffuser section (fig. 7) were measured with liquid 
manometers. The exhaust back pressu~s were obta:ined with flush 
orifices In the exhaust pfpes at etatfone 13 and 29 inches from the 
exhaust gorts of ths front-row and rear-rox cylinders, respectively. 
Exhaust back yress:l.res were recorded fmm differential-pres8ure 
geges for the rnodlfled engine and from a liquid manometer for the 
standerdengine. 

Temperatures of the rear-spark-plllg gasket, the eJectore, the 
carburetor screen, anal the cylin&er8 t.ere measured by thermocoUples 
and recorded by a flight-test recorder. The ejector therwscouples 
were located on the same rakes as the total-greesure tubes. A 
resistance-bulb thermmter was installed under the nose of the air- 
plane for measurLng free-stream air temperature. 

Pressures for ma8urTng altitude and fndicated airspeed were 
Tmvided by swiveling s';atlc-pressme ezd shrouded total-pressure 
tubes, located 1 chord length ahead of the right-wing tip. Engine 
charge-air flow was determined by carburetor metering-sreesure data 
and air-box calibrations. Carburetor imct total-pressure and 
carburetor uncompensated metering-pressure differential8 were obtained 
from sen8itive absolute-presnbze gages and differential-pressu wea, 
respectively . Engine manifold preseur~~ were measured by sensitive 
absolute -pressure gages. 

A *sition transmitter was Used to measum cowl-flap openings. 
A deflecting-vane-t; fuel floumeter was installed In the fuel line 
between the carburetor and inJection nozzle to masum fuel flow. 
Brake horsepower was determIned from Pratt & Whitney torquemeters 
and sensitive tachometers. 

All instruments were calibra'ted before installation in the aZr- 
plane. With the exception of torque ~re8sure, cowl-flap opening, 
and engine temperature, all data were recorded on photographic film. 

The following symbols are used in the Tresentation of results. 
The numerical. subscripts refer to station8 on figure 7. 

. 

c 
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A 

% 

Fn 

g 

Hi 

H3 

J mechanical equivalent 02 heat, (778), (ft-lb,/Btu) 

Ma mass of engine cooling-air flop, .(sl~g8/soc) 

% mass of engfne charge-air flow, (slugs,/sec) 

Me mass of en&ne exhaust-me flow, (slugs/set) 

*‘J 

92 

pe 
pm 

AP 

Apn 

Q 

R 

T2 

T3 

Te 

Th 

exhaust-nozzle or exhaust tail-pipe area, (sq ft) 

specific heat at constant pressure, (Btu/(lb)(°F)) 

net thrust, (lb) 

acceleration of gravity, (ft/sec2) 

total pressWe in front of engine, (in. water gage) 

tot&l pressure in second-stage ejectors, (lb/eq ft absolute t)r 
In. water gage) 

free-stream static pressure, (lb/sq ft absolute) 

aLatic pressure at cylirdr-baffle exit, (ib/sq ft absolute or 
!.n. water me) 

engine exhaust back presets, (in, Hg abeolute) 

en@ne manifcld presg?re,.(In. Eg absolute) 

average of engtne cylinder-head and cylinder-barrel pressure drop 
(in. water) 

engine cylinder-head pressure dro2, (in. water) 

free-stream dyn&dc pressure, (in. water) 

gas constant for exhaust, (ft-lb)/(sl!lg)(°F) 

total temperature behind engine, (OR) 

total temperature in ejectore, ("R) 

exhaust-gas ttimperature, (OR) 

cylinder-head temperature, (OF) 
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J  H A C A  &  N o . E 6 L l 3 a  

. 
i v O  t rue a i rspeed,  (ft/eec )  

V 4 ,* veloci ty a t fla p  exit, e jector  e n g i n e , (ft/sec) 

V 4  B  veloci ty a t fla p  exit, s tandard  e n g i n e , (ft/sec) 3  

7 3  m e a n  e ffect ive e x h a u s t -gas veloci ty,  (ft/aec )  

Y  rat io o f speci f ic  h e a ts o f air,  1 .4  

q P  p rope l& r  e ff ic iency 

O O  rat io o f f ree-s t ream ai r  dens i ty  to  N A C A  s tandard  sea- leve l  
a fr dens i ty  

%  rat io o f a i r  dera i ty  a t cy l inder-baf f le  exit  to  N A C A  s tandard  
sea- leve l  a i r  dens i ty  

. 

In  o rde r  to  d e te r m i n e  th e  over -a l l  pe r f omance  o f e a c h  instal-  
S a tto n , th e  n e tthrusts  o f th e  coo l i -?g  a Ir a n d  th e  e x h a u s t g a s  w e r e  
ca lcu la ted  by  th e  fo l l ow ing  compress ib la - f low e q u a tjo n s . m e  n e t 
thrust  is th e  c h a n g e  in  m o m e n tu m  o f th e  coo l ing  a i r  a n d  th e  e x h a u s t 
g a s e s  fron! t rue a i r e p e e d  to  the i r  respect ive  exit  veloci t ies.  

For  th e  m o d i fie d  e n g i n e , 

F, =  ( M a  +  % ) Q , -  ( M , +  % ) vo  0 1  

w h e r e  --  

V 4 ,e  
In  e q u a tio n  (1)  th e  a s s u m p tio n  m s  m a d e  th a t th e  flu i d  c h a n g e d  

Isentropical ly  f rom th e  to ta l  p ressu re  (fig. 8 )  a n d  th e  to ta l  te m p e r -  
' a tu re  in  th e  d u c ts to  f ree-s t ream static p ressu re  a n d  te m p e m ture.  

A n y  losses  th a t m ight  h a v e  occu r red  in  th e  dl f fueers a n d  th r o u g h  th e  
c losed  cowl  fla p s  w e r e  neg lec ted .  

For  th e  s tandard  e n g i n e , 
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M*w* T* = - 
POA 

In equation (2) the total pressure was assumed equal to the etatia 
pressure behind the engine; therefore, in the calculation of cooling-air 
thrust an isentmpic change of the fluid was assumed from the etatic. 
pressure (fig. 9) and temperature behind the ongfne to frze-stream static 
pressure and temperature. The loeses through the closed cowl flap6 were 
again neglected. The exhau& velocity wae u~raly a function of exhaust- 
gas temperature, free-&ream static pressure, and ma88 of engine exhauet- 
gas flow. L - 

In order to determine the thrust that might be expected from Jet 
exhaust stacks on a etandard engine, calculations were based on the ae8ump- 
tion that the exhaust stacks used with the ejectors were inetalled on the l - 
standard engine in Place of the collector ring. The following equation 
wae used: 

(3) 

where 

(See reference 4.) 

With an aseumed propeller efficiency of 0.85, the total net thruat 
horsepower available was calculated for each installation by 

thp = Fi?O x + bhp 9 P (41 
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Cooling-Blower Investigation 

In order to determ ine the relation between cooling-air flow and 
engine pressure drop, a portable engine-cooling blower was used. This 
blower was set up in front of each engine (fig. 10); the blower outlet 
was eealed to the cowling inlet by a rubber casing and the blower wa6 
operated at varioue air flows. Engine pressv.re drop was multiplied 
by the density ratio at the cylinder-baffle exit to include the effect 
of altitude and engine tsm~erat~ on cooling-air flow. Engine cooling- 
air pressure drcp and tem+~raturee behind the engines were measured in 
flight and used in conjunction with the data of figure ll to obtain 
cooling-air flow under flight-teat conditions. 

Ground Investigation 

A  ground investigation was made to determ ine the cooling charac- 
terietice of each installation at a condition of zero ram . The reeults 
of this inveetigation at a free-air temperature of 35' F  with cowl 
flaps open are shown in figure 12 where the availsblo cylinder-head 
press-ure drop ooAph, fuel-air ratio for both enginea, and the maximum 
cylinder-head temerature Th for the axhaunt-ejector engine are 

plotted again& brake horsepower. If perm itted to stabilize, the 
cylinder-head temperatures on the standard engine would have exceeded 
the manufa&urer'B maximum lim it of 500° F  at test conditions using 
about 600 brake horsewwer or more;, therefore, no cylinder-head tem - 
peraturo data for this engine were obtained. Ae shown in figura 12, 
an increase in brake horsepower produce8 a greater increase in head 
pressure drop in the modified engine than in the standard engino. 
Despite slightly leaner fuel-air ratios, the modified engine cooled 
far better than the etandard ongfne for all powers. For e-16, at 
take-off conditiona (n;a-rimum power) with-cowl f3eDs full open, the 
modified-engine in&all&ion provided a cylinder-head pressure drop 
of 5.5 inches of water; whereas the cowl flape on the standard engine 
induced a pressure drop of only 2.5 inches of water. W ith a cylinder- 
head -asure drop of 5.5 inches of water, the maximum cylinder tem - 
peraW re for take-off conditions was 490" F. 

Flight Investigation 

The available cooling-air cylinder-head pressure-drop ratios 
Ap,/q in flight for standard and modified engines are shown in 
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figure 13 at altitudes of 5>000, 10,000, and l5,OOO feet. In order to 
compare the in&alletions, the curves for the standard installation 
were superlmpoeed, without test points, over thoee for the eJector 
installation. 

The etandard engine had a constant pressure-drop ratio of approxl- 
mately 0.48 w:ith cowl flape full open and about 0.23 with cowl flaps 
closed. Thfs pressure-drop ratio appeared to be con&ant for all alti- 
tudes. Th& pressure drop available on the notified engine W&B a function 
of brake horsepower. The ejector pum-plng action feU off slightly with 
altitude because of the increased specific volume of cooling aJr at 
higher altftudes. For a gzvsn horsepower the preeeure-drop ratio W&B 
higher at low airspeeds, such aa those encountered during climb or take- 
off. At normal rated conditione, an altitude of 5000 feet and an indi- 
cated a-irspoed of approx3mately 165 miles per hour, (q = 12.0 in. of 
water) the preeeure-drop ratio was 0.62 with fl.apR open and 0.40 with 
flaps closed, Thus at 5000 feet and a low airsped, the ejectors induoed 
nearly as much pressure dmp acrotie the engine with exit flapa closed ae 
conventional cowl flaps that are fKU open. 

The average cylinder-head temperatures are plotted again& free- 
stream dynamic preseure q for normal rated and maximum cr~:sa powere 
at an alt.itude of 5900 feet in figure 14.. These CWV~EI ehow that, at 
1460 brake horaepower and at a low airspeed correeyonding to a dynamic 
pressure q of about 12.0 inches of water, the mod:fied engine with 
cowl flape closed runs about 15 o F cooler than the etandard engine wfth 
cowl flaps full open. 

The exhau& back preesuree measured on each engine at 5000 feet are 
shown in figure 15. Because of the rec.tricted axhauet nozzlee, the back 
pref1eure Is considerably higher in the modified engine than in fuhe stand- 
ard engine. Separate curvee are ahown with cowl flaps open and closed 
for the modified engt_ne because the exhazet gas ie discharged through the 
exft flaps, wht_ch affect the static pressure at the exhauet-stack outlet. 
,Zngine calibration curve8 at an altitude of 5000 feet are given for the 
standard and modified engines in figure 16 from which the effect of back 
pressure on engine performance may be. seen. -A .Joes_ of l.?O brake horse- 
POW%? exletod for the rr&l;fied engine at 2400 rpm. The results of thrust .. 
caloulations at each altPt-ude are show-n in figuree 17 and 18. These 
ourvo~~ show the drag, or thruet, of the coo1Irg air and exhaust gasee for 
euch type of installation. 

The follow!.ng table shows the total net thruet horeepower for both 
fnatallations w:th cowl flaps clorsod at an altitude of 5000 feet and a 
true airsped of 265 miles per hour, with each engine operating at the 
8eme speed and manifold ~PXXI?XL'C: 
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Sta*rd 1560 -31 13c0 
Modified 1460 65 I 
Standard with 1460 162 

Jet atack I 

1286 
1355 

The data show tlxxt the loss cf 100 brab horeepoxar due to high 
e-xhmst back prefmme is almost all regalned by the momenturn increaee 
of the cooling au on the uodiffed engine and alao that more thrust 
mar be obtained from a standz?d engfne vith Jet exhauet stacks then 
from the erhauet-eJector izstallaticn. At low airspeeds the cowl 
flaps on the standard engine must be open to provide suffioiont engine 
cooling and thus they increaoe ths form drag. Inasmuch a8 no form- 
drag measurements Wei‘ msde ti flight, a quantitative thruet analgSiS 
at lov airspeeds could not be made. 

Representative temrature and pressure pattern for the two 
fnetallationa under similar operaM.ng conditions ar8 shown in fig- 
urea 19 and 29. 140 serioue effect on temp9rature and pressure dietri- 
butions resulted from the uBe of the 8Xhau%t-eJeCtOr installation. 

From comparative flight and ground investigationa of an exhaust- 
ejector inatalktion and a standard exhaust-collector-ring &&alla- 
ttcn on air-cooled engfnes in a twin-engfne airplan8, the follows 
reeults were obtained: 

1. At take-off operating conditions at zero ram on the ground, 
the' ejector5 provfded a pIW%BUiW drop acro8s the engine of 5.5 fnches 
of water with the exit flay full qyn, khfch k-a8 sufficient to cool 
the 8Ilgti 20° F tIeloT.- the manufacturer's limft of 5oO" F at a free- 
air tcmmraturw of 35O F; Wherea the standard engine would have over- 
heated at above 600 brake horsepower. 

2. At low airspeede; such ae encountered during take-off and 
climb, the ejectore pumped approximately a~ much cooling air acro88 
the engine with the exft flaps closed a% conventional cowl flaps 
pum*d when full open. 

3. !I!he propuleive thrust of the exhaust-e J8CtOr installation was 
calculated to be slightly lees than the thrust of the collector-ring 

t 
I i 
I 
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Installat:on because the thrust obtained from the ejector% was elfghtly 
lese than the lo%% in brake horsepower due to high exhau%t back preesuro 
caused by the reetricted outlet area of the exh%uet stack%. 

Aircraft Engine Research Labomtory, 
Natfonal Advisory Committee for Aeronautic%, 

Cleveland, Ohfo: 
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Figure 2. - Exhaust-ejector Installation in left nacelle of test airplane. 
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Fi gure 3. - General arrangement of left nacelle modified for exhaust-ejector installa- 
tlon in test airplane. 
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Figure 4. - Standard exhauet-collector-ring installation in right nacelle of test alr- 
plane, 
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Figure 5. - 6eneral afrangement of standard right nacelle in test airplane. u 
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Figure 6. - Fi rst-stage ejectors mounted on removable acces- 
sory skin panel. 
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Brake 

' horsepower 
o 1460 
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J I I I 
' (a) Altitude, 5,000 feet. 

I I I 

'*(b) Altitude, 10,000 feet. 
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Free-stream d-c pressure, 9, %JI. water 

(c) Altitude, 15,000 feet. 

Figure 8.- Average total pressure in exhaust.e.jectors w!ith 
oowl flaps closed. 
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Figure 9 . - Average static pressure behind standard engine _ 
with cowl flaps olosed. 
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Figure IO. - Blower setup tor cal i brating englne cool ing-ai r flow. 0 
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Figure 11. - Engine cooling-air-flow calibration from 
cooling blower. 
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Figure 12. - cooling characteristics of modified and standard 
engines on ground With Cowl rlaps open at free-air temperature 
of 35O F. 
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Brake horsepower NAT IONAL ADV tSOf?Y 
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(a) Altitude, 5,000 feet. 

Figure l3. 
drop. 

- Available engine cylinder-head cooling-air pressure 
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Figure 13. - Continued. Available engine cylinder-head cooling- 
air pressure drop. 
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NACA RM No. E6LI3a . Fig. I3c 
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Figure 13. - Concluded. Available engine cylinder-head 
cc-cling-air press'ure drop. 
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Figure lb. - Variation of exhaust bade pressure with engine 
power at altitude of 5000 feet. 
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Figure 17. - Comparison of net thrust of cooling air and 
exhaust gas for modified and standard engines. 
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Figure 17. - Continued. Comparison of net thrust of cooling 

air and exhaust gas for modified and standard engines. 
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Figure 17. - Concluded. Comparison of net thrust of cooling 
air and exhaust gas for modified and standard engines. 
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Figure 18. -. Comparison of net thrust of coolAng air and 
exhaust gas for modified engine and standard engine with 
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Figure 19. '- Typical cylinder-head temperature distribution. 
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